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respiratory distress syndrome (CARDS):
&ndash..., Best Practice & Research ClinicaSevere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
induces coronavirus-19 disease (COVID-19) and is a major health
concern. Following two SARS-CoV-2 pandemic “waves,” intensive
care unit (ICU) specialists are treating a large number of COVID19-
associated acute respiratory distress syndrome (ARDS) patients.
From a pathophysiological perspective, prominent mechanisms of
COVID19-associated ARDS (CARDS) include severe pulmonary
infiltration/edema and inflammation leading to impaired alveolar
homeostasis, alteration of pulmonary physiology resulting in pul-
monary fibrosis, endothelial inflammation (endotheliitis), vascular
thrombosis, and immune cell activation.
Although the syndrome ARDS serves as an umbrella term, distinct,
i.e., CARDS-specific pathomechanisms and comorbidities can be
noted (e.g., virus-induced endotheliitis associated with thrombo-
embolism) and some aspects of CARDS can be considered ARDS(C.A. Pfortmueller), thibaud.spinetti@insel.ch (T. Spinetti), rurman@bwh.
(M.M. Luedi), joerg.schefold@insel.ch (J.C. Schefold).
vier Ltd. This is an open access article under the CC BY-NC-ND license (http://
ler, T. Spinetti, R.D. Urman et al., COVID-19-associated acute
Current knowledge on pathophysiology and ICU treatment
l Anaesthesiology, https://doi.org/10.1016/j.bpa.2020.12.011
C.A. Pfortmueller, T. Spinetti, R.D. Urman et al. Best Practice & Research Clinical Anaesthesiology xxx (xxxx) xxx“atypical.” Importantly, specific evidence-based medical in-
terventions for CARDS (with the potential exception of cortico-
steroid use) are currently unavailable, limiting treatment efforts to
mostly supportive ICU care.
In this article, we will discuss the underlying pulmonary patho-
physiology and the clinical management of CARDS. In addition, we
will outline current and potential future treatment approaches.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open
access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
In the year 2020 alone, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic is estimated to have infected about 70,000,000 people worldwide and about 1,500,000
deaths [1] have been attributed to coronavirus-19 disease (COVID-19). The COVID-19 pandemic is
regarded as a global medical (and ICU) emergency, with enormous impact on society, global health care
systems, health care staff, relatives/next of kin, and the affected individuals [2e8].
Most often, viral COVID-19-associated pneumonia is acquired in the community with severe
courses often observed in older patients and those with significant comorbidities [9e11]. In a recent
systematic review of 152 studies, clinical manifestations (particularly in younger populations without
comorbidities [11e13]) mostly included mild symptoms such as fever, cough/secretions, dyspnea, and
malaise/fatigue [14]. However, while mild symptoms are observed in a majority of cases (estimated at
about 85%), about 5% of patients will develop a critical illness. Although there is considerable regional
variability, in up to about 17% of cases high-dependency/intensive care unit (ICU) treatment is required
because of hypoxemic pulmonary failure [15,16]. These treatments include high-dose oxygen therapy
and/or invasive/non-invasivemechanical ventilation. Unfortunately, many patients admitted to the ICU
will require intubation andmechanical ventilation [17], which is mostly necessary because of COVID19-
associated ARDS (CARDS) [18]. The rapid increase in the number of patients who require ICU care for
CARDS may imply a sudden and major challenge for affected health care systems in respective
geographical regions [15,18]. Thus, awareness and preparation are pivotal.
CARDS typically involves distinct radiological findings with bi-pulmonary ground glass opacities on
computed chest tomography or conventional X-ray imaging [19]. However, as currently there is no
evidence proven and disease-specific medical treatment (despite potential beneficial effects of corti-
costeroids) available, current intensive care treatment for CARDS is mostly symptomatic/supportive
and in line with ARDS recommendations. In addition, despite severe hypoxemic respiratory failure,
severe COVID-19 may be associated with additional organ dysfunctions, including cardiac/cardiovas-
cular [20,21], neurological/cerebrovascular [22,23], and/or renal dysfunction [24e26].
Importantly, COVID-19 caused an unprecedented global challenge with a fast growing and rapidly
changing body of scientific evidence. After about a year following its emergence, the evidence and data
quality are still limited. In this narrative review, we aim to summarize the current understanding of risk
factors, pathophysiology, and clinical management of CARDS. Furthermore, wewill outline current and
potential future treatment approaches.
Comorbidities, risk factors, and definitions
Comorbidities and risk factors
In a recent analysis of 25 studies, including 4881 severe and nonsevere COVID-19 cases [9], key
prevalent comorbidities of infected patients were hypertension (prevalence of about 33% vs. 22% in
severe versus nonseverely affected patients) and diabetes (prevalence of about 14% vs. 9% in severe
versus nonseverely affected patients) [9]. As expected, the prevalence of CARDS (about 41% vs. 3%) and/2
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severe vs. nonsevere cases (mortality of about 30% in severe cases) [9]. Another investigation identified
advanced age, male gender, underlying comorbidities, including hypertension, diabetes, obesity,
chronic obstructive lung disease, cardiac, hepatic and/or renal disease, malignancy, immunodeficiency,
and pregnancy as key risk factors for the progression of COVID-19 to severe, i.e., critical disease [27]. In
particular, the presence of any iatrogenic and/or “acquired” immunosuppression (as in injury-
associated immunosuppression [28]) may be important in the context of disease progression
[29e34] and we could recently demonstrate that e.g., cellular immunosuppression of first in line key
immune cells can be observed in severe, but not in nonsevere cases [35].
COVID-19 case definitions
The case definition of SARS-CoV-2 should be in line with definitions provided by the World Health
Organization (WHO) [36] inwhich suspected, probable, and confirmed cases are distinguished. In CARDS,
most patients will have severe disease, will fulfill the clinical criteria, and by definition, will have bilateral
pulmonary infiltrates, andwill likely test positivewith the use of the nasal swab SARS-CoV-2 polymerase
chain reaction (PCR) test. From a clinical perspective, however, it seems important to remember that in
cases of test negativity but clinical suspicion, PCR SARS-CoV-2 testing may need to be repeated.
COVID-19-associated ARDS
CARDS is defined as COVID-19-associated ARDS, with ARDS based on the Berlin definitions [37]
defined in 2011 by the consensus of the European Society of Intensive Care Medicine (ESICM), the
American Thoracic Society (ATS), and the Society of Critical Care Medicine (SCCM). In brief, based on
the Berlin definition, ARDS diagnosis requires the presence of the following characteristics: progres-
sion of pulmonary findings within a week, bilateral pulmonary infiltrates (on radiological exam)
without any other explanation, absence of cardiac failure/hypervolemia, and the impairment of
oxygenation (at positive end-expiratory pressure (PEEP) levels of 5 mmHg) in any of three steps: 1)
mild ARDS with arterial oxygen partial pressures (PaO2) divided by the fraction of inspired oxygen
(FiO2) 201e300mmHg, 2) moderate ARDSwith PaO2/FiO2 (P/F Ratio) 200mmHg, and 3) severe ARDS
in cases of PaO2/FiO2 < 100 mmHg.Pathophysiology of CARDS
SARS-CoV-2, viral entry
SARS-CoV-2 is a rather large, single-stranded, RNA virus with the genome encoding for about 10
proteins (including nucelocapside/replicase/envelope/spike proteins); the “S” spike protein is of
particular importance as it mediates cellular binding through the angiotensin-converting enzyme
(ACE) receptor-2 [38]. Following coactivation by the transmembrane protease serine subtype 2
(TMPRSS2), viral (cellular) entry occurs, leading to intracellular RNA release, translation/replication,
finally resulting in exocytosis of virions. Despite the initial suspicion that ACE receptor blockage might
increase the risk for COVID-19 infections, data reveal no such increased risk [39,40]. In particular, in
high-risk comorbid elderly ICU patients, a beneficial association of previous ACE-inhibitor use with ICU
survival has been demonstrated [41], which supports the recommendation that renin-angiotensin-
aldosterone system (RAAS) inhibitors should not be discontinued [42].
SARS-CoV-2-associated pneumonia and ARDS
SARS-CoV-2 primarily binds to cells with high ACE-2 and TMPRSS2 receptor expression, e.g., the
ciliated nasal cavity cells and/or respiratory tract epithelial cells [43e45], with increased expression of
ACE-2 in alveolar type II cells [46]. Following viral cell entry and SARS-CoV-2 replication, extensive3
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ability and alveolar and interstitial accumulation (edema) of protein-rich fluids [47].
In this early exudative phase, the inactivation of surfactant, fibrin deposition [48] and hyaline
membrane generation, extensive tissue inflammation, and the disruption of cellular homeostasis,
including apoptosis and necrosis is observed (e.g., in type II pneumocytes [47]) [49], often results in
“diffuse alveolar damage” (DAD). Furthermore, proliferation is often triggered, with exacerbated
fibroblast and myofibroblast proliferation, which can lead to organize pneumonia [49]. However, in
addition to exudation, proliferation and pulmonary vasculopathy (due to virus-induced endotheliitis,
microangiopathy, and thrombosis) [49], lung fibrosis with the irreversible destruction of the pulmo-
nary architecture can develop, which is considered to be cytokine-driven, e.g., by transforming-growth
factor beta (TGF-b) [50e52] and Interleukin (IL)-1b [53].
Concomitant to the respective typical pathophysiological phases of ARDS (exudation-proliferation-
fibrosis), immune cell (e.g., neutrophil and/or monocyte) invasion and activation occur, which augments
the release of both pro- and anti-inflammatory mediators and/or cytokines. Atelectasis/consolidation,
impaired pulmonary blood flow, pulmonary vascular obstruction, shunting/increased ventilation-
perfusion mismatch result in hypoxemia and/or impaired decarboxylation [54]. Interestingly, in
CARDS, lung compliance may be normal or reduced (see below) [54]. Importantly, potential ventilator-
associated or patient self-inflicted lung injury (P-SILI) may aggravate pulmonary lesions over time.Cytokine and cellular immune responses
Interleukin (IL)-6, a pleiotropic both pro- and anti-inflammatory cytokine, was previously proposed
to stratify respective critically ill patients. In CARDS, however, a classic “cytokine storm” (when
comparedwith bacterial septic shock) is typically not observed [55] and cytokine levels (including IL-6)
are mostly only moderately increased [56]. However, comparable to severe bacterial infections that
lead to critical illness [28,57,58], persistent deactivation of key immune cells can be observed in severe
COVID-19 as evidenced by e.g., reduced surface expression of the monocytic human leukocyte antigen-
DR (mHLA-DR) [33e35]. This immunosuppression of key immune cells may be important, and it seems
tempting to speculate that “injury-associated immunosuppression”might contribute to increased viral
replication and overall disease progression [35].
Although more data are needed, individuals are all exposed to and infected by the same virus and it
appears that individuals with low to mild symptoms mount an effective immune response, while
patients with severe symptoms may have a dysfunctional immune reaction, which could promote
disease exacerbation and uncontrolled virus replication/expansion [29,33e35]. Potential genetic fac-
tors involved in the development of immune response in COVID-19 were proposed and investigated.
The “Severe COVID-19 genome-wide association study (GWAS) Group” identified changes in the locus
mediating pro- and anti-inflammatory mediators and leukocyte chemotaxis affecting the severity of
the disease [59]. High expression of tyrosine kinase (TYK)-2 and low expression of interferon-alpha/
beta receptor beta chain (IFNAR2) were associated with life-threatening features of the disease [60].
Chemoattractant pathways and antiviral response mediated by type I interferon (IFN) signaling appear
pivotal in the progression of COVID-19 [61]. Indeed, an important aspect of fighting viral infections is
adequate type I IFN response. Impairment in type I IFN responses, e.g., mediated by mutations in the
type I IFN pathway and/or auto-antibodies against type I IFN, is correlated with the severity of the
disease [62]. Furthermore, leukocyte infiltration, including T-lymphocytes, macrophages, natural killer
cells, and monocytes, is frequently observed in the alveolar space in severe COVID-19 [47].
Cytokine production is mediated by a toll-like-receptor (TLR) engagement (TLR 3, 7/8) and indi-
rectly by damage-associated molecular patterns (DAMPS) released from damaged, infected cells.
Together, these events lead to increased pro-inflammatory cytokine and chemokine release exacer-
bating the respective immune reactions [63e65]. ICU-admitted COVID-19 patients show a higher level
of monocyte chemotactic protein, tumor-necrosis factors, and IL-6 as compared to nonhospitalized or
regular ward hospitalized patients [66]. Lymphopenia and neutrophilia result in a neutrophil-to-
lymphocyte ratio (NLR) increase, which is often observed in COVID-19 patients [67], with NLR
considered to predict disease severity in COVID-19 patients [68].4
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Severe COVID-19 is associated with increased micro- and macrovascular thrombotic disease and
pulmonary vascular histology shows severe endothelial cellular injury, microangiopathy with
thrombosis, pulmonary capillary occlusion, and neoangenesis [69,70]. A recent investigation observed
that the overall venous and arterial thromboembolism rate was 31% and 5% in ICU patients (95% CI:
23%e39% and 95% CI: 3%e7%, respectively) [71]. Pooled mortality among patients with vs. without
thromboembolic events was 23% (95% CI: 14%e32%) vs. 13% (95% CI: 6%e22%) [71]. Although the exact
underlying pathophysiology that leads to COVID-19-associated coagulopathy is not fully understood, it
appears that endotheliopathy, vasoocclusion/stasis, and inflammation-associated activation of coag-
ulation contribute to the respective complications [72e74].Clinical presentation and treatment
Recommendations for the treatment of CARDS patients are rapidly evolving due to an unprece-
dented growth and rapid change of scientific evidence. The following section aims to summarize
current considerations with regard to CARDS treatment (Fig. 1).
Clinical presentation
COVID-19 disease typically follows a two-peak clinical course (Fig. 2), preceded by an asymptomatic
phase of “silent” viral replication [75]. During this first phase, about five days after infection, patients
suffer from substantial viral replication [75]. During this phase, the primary symptoms aremostly fever
(88.7%), coughing (57.6%), and dyspnea (45.6%) [14,75e77]. Other common symptoms include malaise
(29.6%), fatigue (28.2%), neurological symptoms (20.8%), myalgia (16.9%), headaches, diarrhea, and
anosmia [14]. Viral replication typically subsides approximately 5e7 days after the start of symptoms
[75]. Seven to ten days after symptom start, some patients may enter into a second phase, which is
pathophysiologically associated with an overt immune reaction caused by the release of cytokines [75].
In this phase, patients typically become critically ill with ARDS and/or multiorgan dysfunction andmay
require ICU admission [14,76].Fig. 1. Clinical treatment pearls.
5
Fig. 2. Course of COVID-19 disease.
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Initially, two distinct lung “mechanical phenotypes”were proposed [54]: an “L”-type (characterized
by low elastance/high compliance, low ventilation-to-perfusion ratio, low lung weight, and low
recruitability) as well as an “H”-type (high elastance/low compliance, high right-to-left shunt, high
lung weight, and high recruitability) [54]. Despite overlap and the potential evolution of phenotypes
over time, it appears that again, finally, the key to ventilationmanagement should be to aim for optimal
lung protective ventilation and to avoid patient self-inflicted lung injury (P-SILI).Radiological findings
CARDS typically involves distinct radiological findings on computed chest tomography or con-
ventional X-ray imaging [19]. According to a recent systematic review, most common findings
compromise predominantly bilateral ground glass opacities (72.9% of cases) [76]. Further radiological
features are a combination of ground glass opacities with consolidations and septal thickening [78].
Vascular enlargement, CT “halo” sign, and air bronchogramwere also reported, but are not as common
as other radiological signs [25,79]. Effusions and lymphadenopathy are considered rather rare features
of CARDS [78]. During the course of CARDS, there is a distinct change in radiological features with
increasing ground glass opacities and multilobular “spreading,” followed by increasing consolidation
and fibrosis over the course of the disease [25].Laboratory findings/analysis
According to a systematic review by Rodriguez and coworkers, the most prevalent changes in
laboratory parameters are decreased albumin (75.8%), increased C-reactive protein levels (58.3%),
followed by high lactate dehydrogenase levels (57.0%), and lymphopenia (43.1%) [76]. Furthermore,
laboratory features that are typically abnormal in patients suffering from severe COVID-19 include
elevated D-Dimer levels, ferritin, and Interleukin (IL)-6 levels, elevated cardiac biomarkers, and hepatic
enzymes [11,77,80,81]. In cases where bacterial superinfection is suspected, procalcitonin might be
helpful in addition to microbiological sampling, bronchoalveolar lavage, and galactomannan testing for
fungal infection/aspergillosis [82,83].Respiratory support: oxygen therapy and mechanical ventilation, prone-positioning, and nitric oxide
The use of high-flow nasal oxygen (HFNO) in patients with respiratory failure has experienced
increased popularity during recent years [84,85]. Even though there is some evidence that HFNOmight
help to avoid intubation and mechanical ventilation, in some critically ill patients with acute respi-
ratory distress [86], it may be regarded crucial that patients on HFNO are closely monitored as delayed
intubation is associated with worse clinical outcomes [84]. HFNO can also be used to supply oxygen6
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sufficient to recommend the use of HFNO for patients with ARDS in the preintubation period [85].
With emerging evidence on CARDS, it appears that many features of CARDS and non-COVID ARDS
are rather comparable [18,87] and thus the principles of ventilatory support do not largely differ be-
tween ARDS and CARDS patients [88,89]. Strategies typically used are limiting tidal volumes to 6 ml/kg
ideal body weight and keeping plateau pressures below 30 cm H20 [88,90,91]. However, more recent
evidence stresses the importance of transpulmonary driving pressures (i.e., plateau pressure minus
PEEP) rather than “simple” tidal volume limitation [92]. Another concept is the calculation of me-
chanical power [93]. However, for both transpulmonary driving pressure and mechanical power,
confirmation in large randomized controlled clinical trials seems required. The optimal level of PEEP
should be set individually and should be assessed using either best compliance (e.g., with the help of a
pressure volume tool), measured recruitability, and/or through transpulmonary pressure assessment
(e.g., with the use of an esophageal balloon) [88,90].
Prone positioning was shown to be one of the most effective adjunctive therapies in ARDS and is
associated with increased survival [94]. Hence, early prone positioning of patients with moderate to
severe CARDS (P/F ratio <150) is recommended [88]. Proning should be performed for 16 h per day
[88]; however, there is some evidence showing that prone positioning for longer time periods (up to
36 h) might be safe and might have a more substantial impact on oxygenation when compared with
16 h of proning [95]. Prone positioning reduces the pleural pressure gradient, improves the distribution
of ventilation, can contribute to recruitment, and may thus indirectly decrease ventilator-induced lung
injury. Furthermore, in CARDS and under prone positioning, recruitability [96] and oxygenation
response appears as comparable to “conventional” ARDS [97]. Prone positioning may lead to rapid
improvement in gas exchange and increased survival, however, likely not mediated by increased
oxygenation, but rather by improvement in lung mechanics [98,99]. Furthermore, emerging evidence
in CARDS patients shows a beneficial effect of prone positioning in awake and spontaneously breathing
patients with a substantial increase in arterial oxygenation [100]. However, safety and efficacy remain
to be determined in large randomized controlled clinical trials.
While inhaled nitric oxide may improve oxygenation through selective vasodilation in ventilated
regions in some patients [101], there is currently no clear evidence of improved outcomes in patients
with ARDS/CARDS independent of the level of hypoxemia [102]. Therefore, the use of nitric oxide
(outside of individual decision-making) is currently not recommended.
COVID-19 -specific pharmacological treatment
As of early December 2020, no specific treatment for severe COVID-19 (including CARDS) is available.
Data from larger randomized controlled studies on pharmacological, antiviral, and/or immune-
modulating drugs do not conclusively show efficacy in patients with severe COVID-19/CARDS. Howev-
er, a number of pharmacological treatment approaches have been proposed with some being tested in
active clinical trials, including immunosuppressants and/or other immune-modulating drugs [103e105].
Antiviral pharmacological treatment
Several antiviral agents were evaluated for the treatment of COVID-19, but none were shown to be
effective in larger randomized clinical trials with regard to clinical outcomes. In a recent double-blind
randomized controlled trial [106], 1062 patients (mostly hospitalized patients, not all ICU patients)
were randomized to receive either remdesivir (n ¼ 541) or placebo (for up to 10 days). The primary
outcome was time to recovery (discharge from hospital or hospitalization for infection-control pur-
poses) [96]. In the remdesivir-treated group, a median recovery time of 10 days (95% CI 9e11) versus 15
days (95% CI 13e18) among placebo-treated patients was noted (rate ratio for recovery, 1.29; 95% CI
from 1.12 to 1.49; and P < 0.001). The authors of the investigation conclude that the intervention was
superior to placebo in shortening the time to recovery in adults. In amore recent interim analysis of the
SOLIDARITY trial, however, the antiviral medications such as remdesivir, hydroxychloroquine, lopi-
navir, and/or IFN had little or no effect on hospitalized patients with COVID-19, as indicated by overall
mortality, the initiation of ventilation, and duration of hospital stay [107].7
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Corticosteroid therapy can be considered for the treatment of patients with moderate to severe
ARDS within 14 days of onset [108]. Likely, corticosteroids should thus also be considered in severely ill
COVID-19 ICU patients. Data from four studies [109e112] (including one large randomized controlled
clinical trial from the United Kingdom: “RECOVERY” [110]) indicate potential clinical benefits for
treatment with intravenous corticosteroids (mostly for 10 consecutive days) in severe COVID-19.
“RECOVERY” randomized 2104 critically ill COVID-19 patients to receive dexamethasone (n ¼ 4321
controls) [110]. In all, 482 patients (22.9%) in the intervention arm vs. 1110 patients (25.7%) in control
arm died within 28 days after randomization (age-adjusted rate ratio, 0.83 and 95% confidence interval
[CI] from 0.75 to 0.93; p < 0.001) with varying relative and absolute between-group mortality dif-
ferences according to the need of initial ventilator support [110]. An additional study “CoDex” enrolled
299 CARDS patients (moderate to severe CARDS) and observed an increased rate of ventilator-free days
(6.6 vs. 4.0 days) in patients receiving the intervention [109]. In France, a multicenter RCT enrolled 149
(n ¼ 76 low-dose hydrocortisone) ICU patients (81% with mechanical ventilation) and was stopped
prematurely [111]. Treatment failure (death or persistent ventilator/high-flow oxygen dependency) on
day 21 (primary outcome) was observed in 32/76 (42.1%) patients in the hydrocortisone group versus
37/73 (50.7%) in placebo-treated individuals (difference of proportions, 8.6% [95.48% CI, 24.9%e
7.7%] and p ¼ 0.29) [111]. Although low-dose hydrocortisone did not reduce treatment failure rates at
day 21, the study was stopped early and could have been underpowered [111]. An additional inter-
national study (REMAP-CAP platform data on COVID-19 [112],121 sites in 8 countries) explored 614 ICU
patients with 403 randomized to open-label intravenous hydrocortisone (n ¼ 143: 50 mg or 100 mg
every 6 h, and n ¼ 152 with 50 mg every 6 h when shock was clinically evident) or no hydrocortisone
(n ¼ 108) [112]. In this analysis, a 7-day fixed-dose course of hydrocortisone or shock-dependent
dosing of hydrocortisone, when compared with no hydrocortisone, resulted in 93% and 80% proba-
bilities of superiority with regard to the odds of improvement in organ support-free days within 21
days [112]. This trial was also stopped early and no treatment strategy met the prespecified criteria for
superiority, thus precluding definitive conclusions [112].
In summary, although partly adopted in clinical practice, the benefits of corticosteroid treatment
seen in severe COVID-19/CARDS should be reproduced in additional large-scale clinical trials. Side
effects of corticosteroids in critical illness (e.g., potentially increased viral replication and/or harmful
metabolic effects) should be investigated thoroughly [113,114]. In addition to questions regarding side
effects, more data are needed to identify the “optimal” corticosteroid, timing of administration, and the
best route of administration (intravenous vs. inhaled). Currently, when therapeutic decision-making in
critically ill patients are being considered, it appears that individual benefits versus harms should be
carefully weighted [115].Additional immunomodulating therapeutic approaches
In addition to corticosteroids, a number of immunomodulating therapeutic approaches have been
proposed and tested for the treatment of severe COVID-19/CARDS [103,105]. Despite data from the
RECOVERY trial on dexamethasone [110], no additional immunomodulating drug could conclusively
demonstrate mortality benefits in randomized controlled trials [105]. For example, as persistently high
IL-6 levels are associated with reduced survival in ARDS patients [116], IL-6 blockade (e.g., using
tocilizumab) was advocated, but the results (e.g., the COVACTA trial) did not indicate clinical benefits
[117,118].
However, while novel immune interventions are designed in critical illness, it seems important to
remember that individualized approaches with adequate immunological patient characterization
(using functional immunological biomarkers) may be required. This brings about a reconsideration of
the general approach to severe infections/sepsis and may highlight the need for more individualized
monitoring and care [28,57,58,119,120]. Among the proposed biomarkers for functional immunological
characterization, standardized assessment of the monocytic HLA-DR expression appears promising
[28,121], but further data are required.8
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In patients with ARDS, analgesia and sedation should be titrated to individual patient needs,
optimally allowing for lung protective ventilation, comfort, safety, and patient interaction with staff/
relatives [122]. If possible, sedation should be achieved by adequate analgesia in combination with a
short-acting sedative (e.g., propofol and dexmedetomidine) [122]. Furthermore, it is recommended
that sedation level be re-assessed frequently and optimized when required [122]. Generally, sedo-
analgesia should be minimized in critically ill patients with ARDS and, whenever possible, with at
least daily sedation holds performed [123,124]. Deep sedation and analgesia should be reserved for
patients with severely impaired lung function/respiratory mechanics or severe shock [122]. In patients
with CARDS, there was a tendency to use deep sedation in addition to a more benzodiazepine-based
sedative regime [122]. Reasons for the latter were shortages of other drugs (e.g., propofol), severely
impaired lung mechanics, fear of self-extubation (particularly during proning), and the protection of
health workers from accidental extubation [125,126]. However, there is currently no evidence that
patients with CARDS require deeper levels of sedation than patients with other types of ARDS would
require [122].
The use of neuromuscular blockers as an adjunct to ventilation should be considered carefully [88].
Neuromuscular blockade should be considered a rescue therapy for severe ARDS cases [122]. In-
dications for neuromuscular blockade may include severe hypoxemia, being refractory to other
treatments (e.g., proning and PEEP optimization), severe patient-ventilator dys-synchrony, a signifi-
cantly increased respiratory drive, and the inability to achieve safe ventilatory conditions (adequate
tidal volumes and adequate plateau pressures) [88,127]. Generally, only short courses of neuromus-
cular blockade should be administered, preferably in the early stages of ARDS [127].Fluid management
Fluid overload is a crucial contributor to ICU mortality in the critically ill [128], particularly in pa-
tients with respiratory failure/ARDS [129,130]. Two recently published trials imply that fluid restriction
in patients with ARDS results in improved pulmonary function and less ventilator days [131,132].
However, the impact on mortality currently remains unclear [128]. In patients with ARDS, fluid
administration to increase tissue oxygenation must be carefully balanced against the potential impact
on pulmonary edema and risk of impaired gas exchange [133]. A recently published review suggests
using a restrictive fluid regime in ARDS patients without shock while carefully monitoring hemody-
namic indices, fluid responsiveness, and general fluid status [133]. In fluid-overloaded ARDS patients
without shock, active fluid removal with diuretics or renal replacement therapies should be considered
until euvolemia is achieved [88].Anticoagulation
The number of thrombotic complications in patients with CARDS is high (about 30%) [69,134].
Thromboembolic events in patients with severe COVID-19 may even be observed despite prophylactic
anticoagulation in a significant number of patients [69]. In addition, clotting of extracorporeal systems,
such as in continuous renal replacement therapies, is also awell-known phenomenon [69]. Underlying
mechanisms are not fully understood and may include severe endotheliitis, immune-thrombotic
activation, and overt hyperinflammation leading to a procoagulant state [75]. While the effective
dosage of anticoagulants for patients with COVID is yet unknown due to the lack of data from larger
randomized controlled trials, the International Society on Thrombosis and Hemostasis suggests
adapting the anticoagulant dose to individual risk and proposed a subtherapeutic to therapeutic
regime for patients with CARDS [135]. Close monitoring by anti-Xa measurements is highly recom-
mended, but, in general, bleeding complications are considered rare in patients with severe COVID-19
disease [135].9
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COVID-19 disease induces a complex systemic inflammatory vascular pathology that not only
causes CARDS, but also affects other organs [75]. Among patients suffering from CARDS, secondary
organ dysfunction such as acute cardiac injury, AKI, and secondary infections with septic shock are
common [76].
Cardiovascular organ-dysfunction related to COVID-19 disease is less frequent than CARDS [75].
Most frequent cardiac complications are myopericarditis, ischemia, and arrhythmia [136]. The vast
majority of patients present with ECG alterations and elevated cardiac biomarkers, but they are clin-
ically asymptomatic and have a preserved systolic heart function [75]. However, up to 20% of patients
with severe COVID-19 infections may suffer from life-threatening cardiovascular events, including
ventricular fibrillation and cardiac arrest [137]. The underlying pathophysiological mechanism has not
yet been clarified, and potential explanations include viral inclusion in myocardial cells as well as the
overt cytokine release/inflammatory reaction to COVID-19 [75].
Another frequent organmanifestation of COVID-19 is AKI [75], and renal replacement therapy (RRT)
is often required [26,138,139]. While geographical differences in the general AKI incidence in hospi-
talized patients can be observed (about 12% in Asia, 23% in Europe, and 35% in North America), ICU
patients typically exhibit high rates of both AKI (39%) and RRT use (16%) [26]. In a recent report, the AKI
incidence in COVID-19 nonsurvivors was 42% [26]. While the pathophysiology of COVID-19-associated
AKI appears multifactorial (e.g., hemodynamic, inflammatory, microvascular thrombosis/altered
microcirculation, and RAAS activation), the virus enters the cells through the ACE-2 receptor, and this
receptor is particularly expressed in podocytes and (proximal) tubular cells, making them prone to
direct viral infection and injury [75,139,140]. With no specific treatment for COVID-19-associated AKI
available, treatment remains symptomatic and supportive. As in the general population of critically ill
patients, in cases of RRT need, exact timing [141], and RRT modality [142e144] remain currently un-
clear. Mortality of CARDS patients with AKI is increased, particularly if patients require RRT [145]. Data
on long-term outcomes and renal recovery after CARDS are not yet available [75].
Approximately 37% of CARDS patients present with neurological symptoms ranging from mild
(fatigue/malaise, headache, dizziness, anosmia, and myalgia) to severe [23,146,147]. With both central
and peripheral nervous systems involved [23], it is now increasingly understood that neurological
SARS-CoV-2-associated symptoms considerably impact patient outcomes [22,23,147]. Proposed
mechanisms of SARS-CoV-2-associated neurological injury include direct injury as well as neuro-
inflammation, myelitis, meningoencephalitis, encephalopathy, and others [23]. However, while a
delirium can be observed in many cases in the later phase of CARDS (personal observations), exact
underlying mechanisms appear unclear. Furthermore, like many other viral diseases, autoimmune
disease can be triggered. This includes Guillan-Barree syndromes (GBS), which are characterized by
acute ascending muscular weakness accompanied by decreased and/or absent deep tendon reflexes
[23]. SARS-CoV-2 is known to trigger GBS. Following consultation with specialists, a suspicion of GBS
should likely trigger additional diagnostical measures (e.g., lumbar puncture) and, if GBS is confirmed,
therapeutic measures should be applied (e.g., intravenous immunoglobulin therapy). Importantly, as in
most critically ill ICU patients, the differential diagnosis of ICU-acquired weakness should be consid-
ered in patients with CARDS [148,149]. Further potential neuromuscular consequences of CARDS may
include ventilator-induced diaphragmatic dysfunction (VIDD) [150]. Further, dysphagia [151,152]
should be tested for at the bedside in a structured approach post mechanical ventilation [153,154].
Secondary superinfections in patients with CARDS are frequently observed (approximately 30%e
40% of cases) and are generally associated with higher disease severity and the presence of AKI
[155,156]. Most frequent infections include nosocomial pneumonia and fungal infections (particularly
aspergillus) with or without sepsis and/or shock [156]. Reasons for the increased susceptibility to
secondary infections are not yet fully understood, but it is speculated that respiratory stress, a dys-
regulated immune response, and the use of immunosuppressive drugs (e.g., steroids) may play a role
[156]. The latter might also be responsible for an increased incidence of invasive pulmonary asper-
gillosis in patients with CARDS [83]. In patients with superinfections, a careful antibiotic/anti-mycotic
stewardship should be applied [156].10
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Veno-venous extracorporeal membrane oxygenation (vv-ECMO) is traditionally used to provide
adequate tissue oxygenation and to reduce ventilator-induced (or patient self-inflicted) lung injury in
select cases of severe ARDS [88,157]. While the impact of vv-ECMO on ARDS mortality has been
documented but still partly discussed [158e161], a recent meta-analysis points toward the fact that the
use of vv-ECMO lowers mortality and morbidity in selected critically ill patients [162]. In patients with
CARDS, however, the role of vv-ECMO remains not fully understood [88]. A recent analysis showed a
similar mortality of about 40% in ARDS patients with vv-ECMO than in CARDS patients with ECMO,
which might imply that CARDS patients may benefit from vv-ECMO use similarly to ARDS patients
[163]. However, current evidence for ECMO treatment in patients with CARDS remains scarce and
ECMO use should thus likely be applied on an individual basis with respective ethical issues considered
[157].Prognosis and outlook
COVID-19-associated CARDS and prolongedmechanical ventilation not only imposes a major health
burden on affected critically ill individuals, but also creates an unprecedented burden on society and
global health care systems. Despite considerable geographical/regional variation, mortality from
CARDS can range up to 30%e50% in developed countries [17,164e167]. In a recent European multi-
center study in 4244 ICU patients, day-90 mortality increased along with the severity of CARDS at ICU
admission (30%, 34%, 50% for mild, moderate, severe CARDS, respectively) [17]. Importantly, survivors
from CARDS may face numerous prognostically important medical consequences post intensive care
therapy [17,168]. In general, although exact numbers on prevalence are currently missing, complica-
tions of a “typical” ARDS (such as reduced overall quality of life) should be expected in CARDS survivors
[87,169e171].
Moreover, CARDS may induce persistent pulmonary dysfunction, resulting in prolonged or even
persistent limited pulmonary (e.g., exercise) capacity. Second, long-term impairment of cognitive
function may be present in a considerable portion of CARDS survivors [172]. Third, prolonged neuro-
muscular dysfunction such as in ICU-acquired weakness (ICU-AW) [148,149,173], VIDD [150,174], or
dysphagia [151,152] may be present. This may underline the importance of early rehabilitation and
mobilization concepts in CARDS (comparable to other critically ill patients) [175,176] with a focus on
shortening of the time of mechanical ventilation whenever possible. Also, a high prevalence of swal-
lowing disorders (dysphagia) is expected in CARDS survivors as CARDS patients typically require
prolongedmechanical ventilation [177]. In general ICU populations, dysphagia is observed in about 10%
of patients post extubation and independently predicts mortality [178]. Fourth, as nearly all organs are
affected by COVID-19, consequences of affected dysfunctional organs (e.g., AKI requiring renal
replacement therapy) will be prognostically important. Finally, given the increased rates of throm-
boembolic complications associated with COVID-19, the consequences of respective complications
(e.g., stroke, myocardial injury, and pulmonary embolism) may be particularly important.
As mentioned, no specific medical therapy for severe COVID-19 is available, which underlines the
importance of measures to prevent COVID-19 and provide optimal supportive care. Although a number
of potential therapeutics [179] including drugs with immunomodulatory properties [105] have been
proposed, prevention by vaccination may be considered key in this medical context.Conclusions
CARDS, which is the most severe form of critical COVID-19-associated illness, is associated with
considerable logistical, staffing, medical, and overall resource requirements on ICUs worldwide. In light
of the well-described specific COVID-19 and/or CARDS-associated comorbidities with potential long-
term consequences (e.g., thromboembolism and/or ICU-acquired weakness), the best provision of
care for CARDS patients will rely on the availability of a multidisciplinary team of acute and chronic
health care specialists. This includes emergency medicine physicians, nurses, intensivists,11
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along with ward staff, physiotherapists, speech and language experts, and rehabilitation specialists.
Importantly, ARDS should be perceived as the overarching syndrome (umbrella term), whereas
CARDS is a specific disease leading to ARDS. Thus, general treatment principles such as lung-protective
ventilation and rehabilitation concepts should be applied whenever possible. In the specific setting of
CARDS, with currently no disease-specific treatment approach available, preventive measures appear
to be of a particular importance. In the future, the success to effectively control the pandemic will likely
depend on available vaccinations, further emphasizing the goal of disease prevention. Furthermore, in
light of thewell-described immune dysfunctions that result from severe COVID-19, it will be of interest
whether modulation of the immunological host response (e.g., using immunotherapeutics) will be
successful to prevent or treat CARDS.Contributions
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 The syndrome “ARDS” serves as an umbrella term, while CARDS is a specific disease with no
currently available disease-specific treatment. CARDS treatment is mostly supportive and
should adhere to general ARDS recommendations (e.g., lung-protective ventilation).
 Treatment for CARDS includes lung protective ventilation, prone positioning, restrictive fluid
management, anti-coagulation, and the therapy of infectious complications.
 CARDS treatment should include a multidisciplinary team of experts beginning in the initial
(early) phase, during rehabilitation measures, and thereafter.
 Long-term consequences of CARDS include impaired weaning from mechanical ventilation,
ICU-acquired weakness, ventilatorediaphragmatic interactions, other neuromuscular disor-
ders (e.g., dysphagia), and consequences from other organ injury and/or thromboembolic
complications.
Research agenda
 To elucidate whether the reduction of viral replication through the use of antiviral medication
would prevent the development of severe COVID-19/CARDS.
 To better define the mechanisms and potential side-effects of corticosteroid therapy in
CARDS.
 Large-scale clinical studies seem required to adequately characterize patients according to
their functional immune status. This should be done to better understand the immune
pathophysiology of severe COVID-19/CARDS and for which patients might benefit best from
given medical interventions.
 To better understand the different long-term consequences of CARDS.Declaration of competing interest
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